A novel thermotolerant bacterium, designated SgZ-8 T , was isolated from a compost sample. Cells were non-motile, endospore-forming, Gram-staining positive, oxidase-negative and catalasepositive. The isolate was able to grow at 20-65 6C (optimum 50 6C) and pH 6.0-9.0 (optimum 6.5-7.0), and tolerate up to 9.0 % NaCl (w/v) under aerobic conditions. Anaerobic growth occurred with anthraquinone-2,6-disulphonate (AQDS), fumarate and NO 3 -as electron acceptors. Phylogenetic analysis based on the16S rRNA and gyrB genes grouped strain SgZ-8 T into the genus Bacillus, with the highest similarity to Bacillus badius JCM 12228 T (96.2 % for 16S rRNA gene sequence and 83.5 % for gyrB gene sequence) among all recognized species in the genus Bacillus. The G+C content of the genomic DNA was 49.3 mol%. The major isoprenoid quinone was menaquinone 7 (MK-7) and the polar lipids consisted of diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine and an unidentified phospholipid. The major cellular fatty acid was iso-C 16 : 0 . On the basis of its phenotypic and phylogenetic properties, chemotaxonomic analysis and the results of physiological and biochemical tests, strain SgZ-8 T (5CCTCC AB 2012108 T 5KACC 16706 T ) was designated the type strain of a novel species of the genus Bacillus, for which the name Bacillus thermotolerans sp. nov. is proposed.
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The genus Bacillus is one of the taxonomically most diverse bacterial genera in phylum Firmicutes, which is composed of Gram-positive, rod-shaped, endospore-forming, aerobic or facultatively anaerobic bacteria (Rheims et al., 1999) . Although some species previously belonging to this genus have been reclassified into novel genera or transferred into other genera, the genus currently comprises more than 200 species with validly published names and contains at least six phylogenetically distinct groups on the basis of 16S rRNA gene sequences (Zhang et al., 2010) . Species within the genus are widespread in nature and are found in a large variety of aquatic and terrestrial environments, ranging from ocean sediments (Zhang et al., 2010) and hot springs (Derekova et al., 2008) to agricultural soils (Heyrman et al., 2005) and even deserts (Palmisano et al., 2001) .
Humus is most abundant in naturally occurring organics and is formed during the decomposition of plant materials by micro-organisms in soils and sediments. Recent studies demonstrated that humus is actively involved in microbial metabolism, and a novel microbial respiration form, known as humus respiration or quinone respiration, has been proposed (Field & Cervantes, 2005) . Many microorganisms can use humus as electron acceptors for anaerobic growth with a wide variety of organic substrates as electron donors. A few species in the genus Bacillus have been reported to be able to reduce humus at mesophilic temperatures, such as Bacillus selenatarsenatis (Yamamura et al., 2008) and Bacillus pseudofirmus (Ma et al., 2012) . In this study, a bacterium, SgZ-8 T , capable of reducing humus at thermophilic temperature was isolated from a compost sample. On the basis of a polyphasic taxonomic study, this strain was proposed to represent a novel species of the genus Bacillus.
The samples for bacterial isolation were obtained from a composting demonstration plant in Dongguan, South China (23 u 6.359 N 113 u 51.569 E). Composting was performed in a windrow system, and the compost windrow consisting of sewage sludge and crop straw was 2 m high and 30 m long. The samples were collected at about 1 m below the top surface of the compost pile after composting for 15 days, when the internal temperature exceeded 50 u C. The samples were collected in plastic bags, transported to the laboratory and stored at 4 u C. About 5.0 g of sample was suspended in 50 ml sterilized mineral salts medium [MSM, containing (l 0.1 g KCl, 10.0 ml vitamin stock solution and 10.0 ml mineral stock solution, pH 7.2; the vitamin and mineral stock solutions were the same as those described by Zachara et al. (1998) ] supplemented with 0.02 % yeast extract and 0.5 mM anthraquinone-2,6-disulphonate (AQDS; electron acceptor) and 5 mM glucose (electron donor). The bottle was purged with N 2 /CO 2 (80 : 20, v/v) for 30 min and sealed with a butyl-rubber stopper and an aluminium cap. After incubation at 50 u C without shaking for 5 days, the colour of the medium changed to bright orange, indicating microbial reduction of AQDS in the medium because AQDS is colourless, while the reduced form of AQDS is bright orange (Straub et al., 2005) . A 10 ml sample of the medium was then taken and inoculated to fresh medium. This procedure was repeated three times. For colony isolation, 200 ml of culture was serially diluted, spread onto TSA [trypticase soya agar (17.0 g tryptone, 3.0 g soytone, 5.0 g NaCl, 2.5 g K 2 HPO 4 , 2.5 g glucose and 15.0 g agar per liter of deionized water), PH 7.0], and incubated at 50 u C. After culture for 24 h, well-isolated colonies were picked using sterilized tooth-picks and transferred to fresh TSA. The colony isolation procedure was repeated until single colonies were obtained. Strains were preserved at -80 u C in TSB (TSA without agar) supplemented with 15 % (v/v) glycerol for further study.
In the present study, the microbial properties of strain T were investigated in detail with the closely related type strains Bacillus badius JCM 12228 T , Bacillus foraminis DSM 19613 T and Bacillus firmus JCM 2512 T as references. These strains were selected based on phylogenetic analysis of the 16S rRNA gene sequence of strain T . Strains JCM 12228 T and JCM 2512 T were purchased from the Japan Collection of Microorganisms (JCM), and strain DSM 19613 T was purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ). Unless otherwise mentioned, the new isolate was grown aerobically on TSA or in TSB at 50 u C.
The DNA G+C content of strain T was determined by HPLC according to the method of Mesbah et al. (1989) . For cellular fatty acid analysis, cells of strain SgZ-8 T (incubated at 50 u C and 37 u C) and the reference strains (incubated at 37 u C) grown in TSB to the exponential phase were collected, saponified, methylated and extracted using the standard protocol of MIDI (Sherlock Microbial Identification System, version 6.0B). The fatty acids were analysed with GC (6850; Agilent Technologies) and identified using the TSBA6.0 database of the Microbial Identification System (Sasser, 1990) . Respiratory quinones were extracted according to Collins et al. (1977) and analysed with HPLC as described by Tamaoka et al. (1983) . Polar lipids of cells were extracted, separated by two-dimensional TLC and identified according to Minnikin et al. (1984) .
The G+C content of the genomic DNA of strain SgZ-8 T was determined to be 49.3 mol%. The quinone system of strain T contained MK-7 as the predominant component. The polar lipid profiles of both strain SgZ-8 T and JCM 12228 T consisted of diphosphatidylglycerol (major polar lipid), phosphatidylglycerol and phosphatidylethanolamine, and strain T contained an additional unidentified phospholipid (Fig. S1 , available in IJSEM Online). The fatty acid compositions of strain T and the reference strains are shown in Table 1 . Strain SgZ-8 T contained large amounts (.53 % for cells cultured at 37 u C; .65 % for cells cultured at 50 u C) of iso-and anteiso-branched fatty acids, which can be used to group this new isolate into the genus Bacillus because members of the genus Bacillus are characterized by the predominance of branched fatty acids ranging from 40 % to more than 90 % of the total fatty acids (Kämpfer, 1994) . However, strain SgZ-8 T contained a larger proportion of iso-C 16 : 0 (31.5 % for cells cultured at 37 u C and 28.6 % for cells cultured at 50 u C) and a much smaller proportion of iso-C 15 : 0 (7.0 % for cells cultured at 37 uC and 5.4 % for cells cultured at 50 uC) than closely related type strains, which can differentiate strain T from other recognized species of genus Bacillus.
Cell morphology and size of strain SgZ-8 T were determined with a JEM 1400 transmission electron microscope (JEOL) after cells were grown on TSA for 12 h. In preparation for electron microscopy, cells were suspended in 0.85 % NaCl, dried on a nickel-coated mesh, and negatively stained with phosphotungstic acid. Endospores were observed with a transmission electron microscope after cells were grown for 4 days according to Vaz-Moreira et al. (2012) . The motility of cells was tested by observing the growth spread in a test tube containing semi-solid TSA medium. The Gram reaction was determined by the conventional Gramstaining method (Smibert & Krieg, 1994) . Catalase activity was determined by observing bubble production in 3 % (v/v) hydrogen peroxide solution and oxidase activity was determined using an oxidase reagent (bioMérieux). Growth conditions were tested at 10-70 u C (at intervals of 5 u C), with 0-10.0 % (w/v) NaCl (in increments of 0.5 %) and at pH 5.0-10.0 (at intervals of 0.5 pH unit) by observing cell growth in TSB for up to 1 week. Anaerobic growth was carried out in MSM in anaerobic chambers (Sheldon Manufacturing) for 10 days with different electron donors (citrate, formate, lactate, acetate, pyruvate, adipic acid, malic acid, proline, sucrose, glucose or xylose) and acceptors (AQDS, fumarate or NO 3 -). Oxidative or fermentative utilization of glucose (O/F test) was determined on Hugh & Leifson's medium (Leifson, 1963) . Conventional biochemical tests including starch hydrolysis and casein hydrolysis were performed as described by Smibert & Krieg (1994) . Colonies on TSA were picked out carefully without the medium and used as inoculants for examination of other physiological and biochemical properties using the API 20E and API 50CH systems (bioMérieux), respectively, according to the manufacturer's instructions.
Strain T was facultatively anaerobic, Gram-staining positive, oxidase-negative and catalase-positive. Cells were non-motile, non-flagellated, oval-shaped and approximately 0.7-0.8 mm wide and 1.0-1.2 mm long (Fig. 1) . Colonies of this strain were light brown, convex and circular with regular margins (0.8-1.2 mm in diameter) after 12 h of aerobic growth on TSA at 50 u C. Growth occurred at 20-65 uC (optimum 50 uC) and at pH 6.0-9.0 (optimum 6.5-7.0). Growth occurred in the presence of 0-9.0 % (w/v) NaCl with optimal growth at 1.5-2.0 % (w/v) NaCl. As shown in Table S1 , growth occurred under anaerobic conditions using AQDS, fumarate and NO 3 -as electron acceptors and different compounds as electron donors. Detailed morphological, physiological and biochemical characteristics of strain T are summarized in Table 2 and the species description.
Genomic DNA was extracted using a DNA Extraction kit (Aidlab). To establish the phylogenetic position of strain T , the 16S rRNA gene and gyrB gene (encoding the bsubunit of DNA gyrase, a type II DNA topoisomerase), which can be successfully used as suitable molecular chronometers for phylogenetic relationships in bacteria (Yamamoto et al., 2000) , were determined in this study and subjected to comparative analysis. The 16S rRNA gene was PCR-amplified from genomic DNA using two bacterial universal primers (27f and 1492r; Baker et al., 2003) , gelpurified using Gel Extraction kit D2500-01 (Omega Biotek), and cloned into a plasmid vector using a TA cloning kit (TaKaRa). The gyrB gene was PCR-amplified using the twouniversal degenerate primer pairs UP-1 and UP-2r (Yamamoto & Harayama, 1995) DNA sequences of the 16S rRNA gene and gyrB gene were double-checked by sequencing both strands by Sangon (Shanghai, China). An almost complete 16S rRNA gene sequence (1475 nt) was determined, and the gyrB gene (1119 nt) was successfully amplified using primers UP-1 and UP-2r.
The pairwise sequence similarity of the 16S rRNA gene was calculated using the EzTaxon-e server (http://eztaxon-e. ezbiocloud.net/; Kim et al., 2012) . The comparison of the gyrB gene sequence of strain SgZ-8 T with known sequences in the GenBank database was done using the BLASTX program. Phylogenetic analysis was carried out using MEGA version 4.0 (Tamura et al., 2007) after multiple alignment of the sequence data with CLUSTAL X (Thompson et al., 1997) . Distances were calculated using distance options according to Kimura's two-parameter model (Kimura, 1980) . Clustering was performed with the neighbour-joining method (Saitou & Nei, 1987 ) and the 
49. minimum-evolution method (Rzhetsky & Nei, 1993) . Statistical support for the branches of the phylogenetic trees was determined using bootstrap analysis (based on 1200 resamplings) (Felsenstein, 1985) .
Phylogenetic analysis based on 16S rRNA gene sequence revealed that strain SgZ-8 T was most closely related to B. badius JCM 12228 T (96.2 % sequence similarity), B. firmus JCM 2512 T (95.7 %) and B. foraminis DSM 19613 T (95.7 %). In the neighbour-joining and minimum-evolution phylogenetic dendrograms based on 16S rRNA gene sequences (Figs 2 and S2) , strain SgZ-8 T was placed in a cluster within the genus Bacillus and formed a subclade together with B. badius JCM 12228
T . The analysis based on the gyrB gene showed that strain T had the highest sequence similarity of 99.4 % to bacterial strain 5.5LF48TDT, which belongs to an unclear genus in family Bacillaceae, and formed a cluster with this strain in the neighbour-joining phylogenetic tree (Fig. S3 ). In addition, strain T showed the highest sequence similarity of 83.5 % to B. badius JCM 12228 T among all recognized species. Given the low sequence similarity levels of the 16S rRNA gene (,97 %) and gyrB gene (,90 %) between strain SgZ-8 T and its phylogenetic neighbours, DNA-DNA hybridization studies were not carried out. It is clear from the phylogenetic analysis based on the 16S rRNA gene and gyrB gene that the new isolate can be grouped as a representative of a species of the genus Bacillus and represents a distinct phyletic line that can be considered as a separate genomic species.
The reduction of AQDS by strain T was carried out in MSM at 50 u C with 1 mM AQDS as electron acceptor and four substrates (pyruvate, glucose, lactate and acetate; 5 mM) as electron donors. The quantity of reduced-AQDS was determined according to the method described by Wu et al. (2011) . As shown in Fig. S4 , the highest amount of reduced-AQDS was produced with glucose as electron donor, while less reduced-AQDS was produced with pyruvate and almost no reduced-AQDS was detected with lactate or acetate. With glucose as the electron donor, the final cell density was approximately 10 times greater than the initial density (data not shown), which was in accordance with the conclusion of many other reports that microbes can yield energy through humus reduction to support cell growth (Lovley et al., 1996; Wu et al., 2011) . The comparison of AQDS reduction by strain T with that of closely related strains was made at their respective optimum growth temperatures under the same conditions as above, and reduced-AQDS in the medium was examined after 12 days of incubation. As shown in Fig. S5 , the production of reduced-AQDS by B. firmus 2512 T was almost equal to that by strain T , while the AQDSreducing ability of B. badius JCM 12228 T and B. foraminis DSM 19613
T was relatively weak.
In conclusion, phylogenetic analysis based on the 16S rRNA gene and gyrB gene grouped strain SgZ-8 T in the genus Bacillus, most closely related to B. badius among all species with validly published names. In addition, some physiological and biochemical characters (Gram-staining positive, endospore-forming, catalase-positive) and similar chemotaxonomic characters (MK-7 as the predominant respiratory quinone, large amounts of iso-and anteisobranched fatty acids and diphosphatidylglycerol as the predominant polar lipid) supported strain T as a member of the genus Bacillus.
However, strain T can be separated from closely related species in the genus Bacillus by some important specific characteristics such as ovoid-shaped cells, higher growth temperature, higher DNA G+C content and the presence of iso-C 16 : 0 as the predominant fatty acid. In addition, strain T can be differentiated from B. badius JCM 12228
T by characteristics such as being oxidasenegative and non-motile, from B. foraminis DSM 19613 T by characteristics such as the formation of endospores, tolerance of 5 % NaCl and being oxidase-and bgalactosidase-negative, and from B. firmus JCM 2512
T by characteristics such as being non-motile, endospore position and not hydrolysing starch or casein. On the basis of the above characteristics, strain T can be regarded as a representative of a novel species of the genus Bacillus, and for this novel species the name Bacillus thermotolerans sp. nov. is proposed.
Description of Bacillus thermotolerans sp. nov.
Bacillus thermotolerans (ther.mo.to9le.rans. Gr. n. thermê heat; L. part. adj. tolerans tolerating; N.L. part. adj. thermotolerans able to tolerate high temperatures).
Cells are facultatively anaerobic, Gram-staining positive, non-motile with central or paracentral endospores in a non-swollen sporangium. Cells are approximately 0.7-0.8 mm wide and 1.0-1.2 mm long. Colonies are light brown, circular with entire edges and convex (0.8-1.2 mm in diameter) after 12 h of aerobic growth on TSA at 50 u C. Catalase-positive and oxidase-negative. Growth occurs at 20-65 u C (optimum 50 u C) and at pH 6.0-9.0 (optimum 6.5-7.0). Growth occurs in the presence of 0-9.0 % (w/v) NaCl with optimal growth at 1.5-2.0 % (w/v) NaCl. The type strain, T (5CCTCC AB 2012108 T 5KACC 16706 T ), was isolated from a high-temperature compost, PR China. The DNA G+C content of the type strain is 49.3 mol%.
